Introduction
Jembrana disease is an acute infectious disease of Bali cattle (Bos javanieus, syn. Bos sondaicus) in Indonesia. The disease can be readily transmitted to susceptible Bali cattle by the inoculation of tissue from infected cattle .
In experimentally infected cattle, the incubation period from infection until the onset of clinical signs varied from 4.5 to 12 days. The consistent clinical signs were fever, lethargy, anorexia and enlargement of the superficial lymph nodes. These clinical signs persisted for 5 to 12 days. The mortality in experimentally infected cattle was 17 % and the remainder recovered without recurrence of the disease (Soesanto et al., 1990) . Recovered cattle were resistant to re-infection for at least 22 months and the infectious agent persisted in blood for at least 2 years after infection .
Haematological changes in affected cattle included leukopenia due mainly to a lymphopenia, a mild thrombocytopenia, anaemia, elevated blood urea concentrations and reduced total plasma protein; these changes occurred principally during the acute clinical phase of the disease (Soesanto et al., 1990) . The major pathological changes in affected cattle were lymphoproliferation in lymphoid organs, a lymphocytic infiltration into most organs except the central nervous system, and generalized haemorrhages (Teuscher et al., 1981; Dharma et at., 1991) .
The disease exhibits species specificity and clinical signs of Jembrana disease have not been detected in animals other than Bali cattle. Experimental infection of B. indicus and B. taurus cattle and buffaloes (Bubalus bubalis) resulted in only a transient fever in some inoculated animals and no other clinical signs of disease .
The infectious agent has not been adapted to replicate in cell culture but a high titre of the infectious agent was detected in plasma of Bali cattle during the acute phase of Jembrana disease and this has been used as a source of virus for characterization. The physicochemical characteristics of the agent indicated it was a virus, possibly a retrovirus (Wilcox et al., 1992) , and not a rickettsia as previously proposed (Budiarso, 1980; Ressang et al., 1985) . The virus was designated Jembrana disease virus (JDV) .
In this paper we report further characteristics of JDV which confirmed it was a retrovirus and have demonstrated an antigenic relationship between JDV and bovine immunodeficiency virus (BIV).
Methods
Viruses. The Tabanan/87 strain of JDV was maintained by animal transfer as previously described (Wilcox et 0001-1316 © 1993 SGM al., 1992 . Briefly, spleen tissue from an experimentally infected animal was stored at -70 °C. When required, a homogenate of the spleen tissue was inoculated into susceptible Bali cattle to induce the disease. Heparinized blood was collected from the inoculated cattle on the second or third day of the acute clinical disease; the plasma was immediately separated by centrifugation and used as a source of virus. This plasma contained approximately 108 infectious virus particles/ml .
The virus was partially purified from plasma by sucrose density gradient centrifugation as described by Wilcox et al. (1992) . Plasma was centrifuged (96000 g for 2 h), the pellet was resuspended in Tris-NaC1 buffer (50 mM-Tris-HC1 pH 7.4, 100 mN-NaC1) to 1% of the original volume, layered on a 20 to 50 % continuous sucrose gradient and centrifuged (96000 g for 4 h) in a SW28 rotor (Beckman Instruments). The visible band of virus at a density of 1.15 g/ml was collected and dialysed against Tris-NaC1 buffer for 24 h at 4 °C.
BIV R29/1203, a virologically cloned, bovine virus diarrhoea virusfree derivative of the original R29 isolate (Van der Maaten et al., 1972) was a generous gift of Dr C. A. Whetstone. This virus was cultured in primary foetal bovine lung (FBL) cells (Whetstone et al., 1991) .
Titration of the virus in plasma.
The 50 % infectious dose (IDso) of the virus in plasma immediately after collection was determined by the inoculation of serial dilutions of the plasma into susceptible Bali cattle . The same plasma was also titrated after 24 h at 4 °C, after rapid freezing at -70 °C, and after rapid freezing in liquid nitrogen.
Reverse transcriptase (R T) assay. RT assays were conducted on virus partially purified by sucrose density gradient centrifugation as described above but TNE (50 mM-Tris-HC1 pH 7.6, 150 mM-NaC1, 1 mM-EDTA) was used as a diluent. The gradient-purified virus was pelleted by centrifugation (96000g for 2 h) and resuspended in 500 gl of TN (50 mM-Tris-HCt pH 7.6, 150 mM-NaCI) containing 0-6% (v/v) Triton X-100. This achieved a final 1000-fold concentration of the virus compared to the original blood volume. The titre of antigen in the Triton X-100-treated virus preparations was determined by ELISA (Hartaningsih et al., 1993 a) .
The RT assays were conducted by the DEAE-micromethod of Gregersen et al. (1988) with minor modifications. All reactions were carried out in a final 50 ~I volume and contained Tris-HC1 (50 mM, pHS-0), dithiotreitol (5m~1), KC1 (150raM), MgCI~ (5mM unless otherwise indicated), glutathione (0"3 raM), rAdT, dAdT or rCdG template primer (2gg), Triton X-100 (0.5%), 2"2gM-[aH]dTTP (Amersham, 27 Ci/mol) or [3H]dGTP (Amersham, 11.5 Ci/mol), 9 gMdTTP or -dGTP, 0.5% Triton X-100 and 20 gl of a detergent-treated virus sample. The reactions were incubated for 1 h at 37 °C in wells of a 96-well microtitre tray, covered with an adhesive lid. Three discs of DE81 paper (Whatman) were added to each reaction and left at room temperature for 30 min. The discs were transferred to wells of a 24-well tissue culture tray and washed four times with 1 ml of 5 % NaeHPO ~ and once with 1 ml of 70% ethanol to remove unincorporated nucleotides. The discs were then dried at 70 °C for 2 h. Incorporation of labelled nucleotides was measured using a liquid scintillation counter (Packard Instruments). To investigate divalent cation preference, different concentrations of MgC12 or MnC12 were used to replace the usual 5 mM-MgCI~.
Monoclonal antibodies (MAbs).
MAbs against JDV were produced by standard techniques (Chan& Mitchison, 1982) . BALB/c mice were immunized with plasma from infected cattle which was centrifuged (96000g for 2 h), the pellets suspended in Tris-NaC1 buffer (50 mMTris-HCl pH 7.4, 100 mM-NaC1) containing 1% Triton X-100 and emulsified in Freund's incomplete adjuvant. Splenocytes from the immunized mice were fused with myeloma cells. Hybridoma culture supernatants were tested by ELISA (Hartaningsih et al., 1993a) for antibodies against sucrose gradient-purified virus; plasma proteins from uninfected cattle were used as a negative antigen control. Positive hybridomas were cloned by limiting dilution.
Polyclonal antisera. Bovine anti-JDV sera were from Bali cattle experimentally infected with JDV or from a natural field case of the disease (PM90) and positive for antibody by ELISA (Hartaningsih et al., 1993a) . Anti-BIV serum (1360) was from a calf infected with BIV.
Western immunoblots (WB).
For JDV antigens, plasma from infected cattle or JDV harvested from sucrose density gradients was centrifuged (96000g for 2h), the pellets were electrophoresed in 12% SDSpolyacrylamide gels and proteins were transferred to 0.45 gm nitrocellulose membranes by standard techniques. The membranes were placed in PBS~Tween (0.1% Tween 20 in PBS, pH 7.2) containing 0.5 % gelatin overnight at 4 °C, washed in PBS Tween and incubated at room temperature for 2 h with MAb or bovine anti-JDV serum. The membranes were then incubated with horseradish peroxidaseconjugated anti-IgG for 1 h at 37 °C and the immunoreactive proteins were visualized using 4-chloro-l-naphthol chromogen.
For BIV antigens, heavily infected cultures of FBL cells in 75 cm 2 flasks showing at least 50 % syncytium formation were harvested by scraping and the cell pellet was resuspended in 0'5 ml CHAPS buffer (50 mM-Tris-HC1 pH 8.0, 5 mM-EDTA, 0.5 % CHAPS). The mixture was incubated at room temperature for 5 min and then centrifuged (7000 g for 10 rain) to remove debris. The supernatant was used as a source of BIV antigen and WB performed by standard procedures (Whetstone et al., 1991) .
Bovine leukosis virus (BLV) serological tests.
Bovine sera were examined for antibody against BLV by an agar gel immunodiffusion test (Leukassay B; Rh6ne Mdrieux). Positive reference antiserum from the kits was used for WB analysis of JDV.
Electron microscopy. Plasma from infected cattle was centrifuged (96000 g for 2 h) and the supernatant was discarded. Visible bands of virus with a density of 1.15 g/ml present in sucrose density gradients of plasma from infected cattle were pelleted by centrifugation (96000 g for 4 h).
Tissues of experimentally infected cattle were collected, immediately after the animals were killed, and then cut into 1 ram a cubes. The pelleted virus preparations and tissues were fixed and processed for transmission electron microscopic examination as previously described (Wilcox et al., 1992) .
Virus partially purified by sucrose density gradient centrifugation was also dialysed against 100 mM-Tri>HCI pH 7.2 for 24 h, negatively stained with 3% phosphottmgstic acid and then examined by transmission electron microscopy.
Results

Stability of the virus in plasma
The infectivity of plasma stored at 4 °C for 24 h decreased from an initial 108 to 102 IDs0/ml. Rapid freezing to -70 °C and thawing of plasma caused a reduction in IDs0 of 4 to 5 lOgl0/ml. Maximum recovery of the infectious virus in plasma after freezing was obtained when the plasma had been rapidly frozen in liquid nitrogen: the IDs0 of plasma frozen by this procedure was in excess of 105 IDs0/ml after storage for 3 months. 
Detection of RT activity
In virus purified from the blood of three animals where the time between collection of blood from infected cattle and the final storage of the partially purified virus preparation was in excess of 24 h, there were minimal differences in the utilization of the rAdT and dAdT templates and clear evidence for the presence of RT activity was not obtained (data not shown). In samples collected from three different animals (1217, 1228 and 1230) and processed within 12 to 14 h of collection, RT activity was associated with the partially purified virus preparations. The results of the RT assays for six samples collected from these three animals (1217, 1228 and 1230) and processed within 14 h of collection are shown in Table 1 . The ratio of utilization of rAdT over dAdT ranged from 1.9 to 18.9 and the ratio of 1-9 occurred only in one sample which also had the lowest level of activity with the rAdT template. The utilization of rAdT as a template was generally better than that of rCdG (ratio up to 10.3), although in a case of generally low levels of RT activity (animal 1228) the ratio was closer to 1. There was a good concordance between ELISA antigen titres and RT activity (Table 1) . Similar results were obtained with partially purified virus preparations from two other cattle. In one sample (animal 1136) the ratio of rAdT:dAdT usage was 6.6. In the other sample (animal 1138) the absolute level of utilization was lower and the ratio of rAdT: dAdT closer to t. Variation in the concentration of divalent cations had a marked effect on RT activity (Fig. 1) . When using rAdT as template both Mg 2÷ and Mn 2+ at higher concentrations gave good levels of incorporation and peak levels of utilization were achieved at a concentration of 5 mM for both divalent cations. The utilization of dAdT did not peak at the same concentration and at a concentration of 5 mM for Mn 2+ the enzyme became less discriminatory. At this concentration of Mn 2+ the ratio of utilization of rAdT:dAdT was about 3 whereas at lower concentrations it was about 18 (data not shown). 
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Identification of viral proteins
Analysis by WB of plasma from cattle infected with JDV and probed with cattle sera collected at intervals after infection detected several proteins not present in plasma of uninfected cattle. The sera detected proteins only when they were obtained from cattle 6 weeks or more after JDV infection (Fig. 2) . Proteins with an estimated M r of 45K, 42K, 33K, 26K, 16K and 14K were consistently detected by sera collected up to 12 months after infection (Fig. 2 ) and the 26K protein was immunodominant. Sera from cattle 12 months or more after infection detected additional proteins, including a 100K and a 15K protein (Fig. 3) . The same proteins were detected using serum (PM90) from a naturally infected and recovered animal (Fig. 4) . In sucrose gradientpurified JDV the major proteins detected were 26K and 16K (data not shown). Analysis by WB of the proteins of JDV using antisera to BLV and BIV as probes showed an antigenic relationship between BIV and JDV but no relationship with BLV. The 26K protein in plasma of cattle infected with JDV was detected by bovine anti-BIV serum (Fig. 4,  lane 3) . The 26K protein in protein extracts of BIVinfected FBL cells was also detected using bovine anti-JDV (PM90) serum (Fig. 5) . A MAb (BC10) directed against the 26K protein of JDV (Fig. 4, lane 6 ) also reacted with a 26K protein in lysates of BIV-infected cells (Fig. 6) ; the higher M r protein present in Fig. 6 identified by MAb BC10 was not virus-specific as it also reacted with a similar protein present in mock-infected cells and with hybridoma supernatants from negative control hybridoma 5AD4. Bovine anti-BLV serum did not identify any protein in plasma from cattle infected with JDV (Fig. 4) and antibody against BLV was not detected by an agar gel immunodiffusion test in 100 sera from cattle with antibody against JDV.
Electron microscopy
Large numbers of uniform virus-like particles were detected in the ultrathin sections of pelleted plasma. The virus-like particles were circular and varied in diameter from 96 to 124 nm (average 98 nm). Nucleoids, which varied from 30 to 44 nm in diameter, were frequently eccentrically located and were observed in over 50 % of the particles (Fig. 7) . The virus-like particles were surrounded by a bilaminar membrane and membrane projections were not observed. In the visible band of density 1-15 g/ml harvested from sucrose gradients, viruses with a similar morphology to those detected in the centrifuged plasma pellets were observed. Negatively stained preparations of the light-scattering band of density 1.15 g/ml harvested from sucrose density gradients of plasma from infected cattle showed numerous spherical particles approximately 85 to 95 nm in diameter (Fig. 8) . The particles were surrounded by an electron-lucent halo-like structure approximately 10 nm wide with no projecting surface structures. Internally, most particles contained homogeneous electron-dense material.
Virus-like particles were detected in ultrathin sections of two of 15 spleen and two of nine lymph node tissues of cattle with experimentally induced Jembrana disease. They were not detected in lung, liver or kidney tissue. The virus-like particles were located extracellularly, and intracellularly within cytoplasmic vacuoles. The extracellular virus-like particles (Fig. 9 ) varied in diameter from approximately 100 to 130nm (mean diameter 115 rim) and were surrounded by a bilaminar membrane. Membrane projections were not observed. Nucleoids, centrally and eccentrically located and ranging from approximately 40 to 56 nm in diameter, were found in more than 50% of the particles. Some particles of a similar size had a relatively clear centre with electrondense granules and contained no nucleoid. The intracellular virus-like particles were located within membrane-bound cytoplasmic vacuoles from 0.6 x 1.0 gm to 2.0 x4.0 ~tm (Fig. 10 ) and contained mainly virus-like G. Kertayadnya and others particles with an eccentric nucleoid, and some with a relatively clear centre, similar to the extracellular particles. C-type budding from the plasma membrane was detected (Fig. 11) .
Discussion
Virus in plasma of affected cattle was used to determine the characteristics of JDV since the virus has not been successfully cultured in vitro (Wilcox et al., 1992) . To reduce the probability of adventitious viruses, the donor cattle were obtained from an isolated island adjacent to Bali where there has been no clinical evidence of Jembrana disease or of any other virus disease. In infected cattle there was a high titre of infectious JDV in plasma during the acute phase of the disease but the infectivity of the virus decreased markedly when the plasma was stored at 4 °C for 24 h or during handling procedures such as sucrose gradient purification of the virus when these were conducted over a 24 h period. Initial studies of the characteristics of JDV suggested the virus was in the family Retroviridae (Wilcox et al., 1992) . Two additional properties of JDV described in this report have provided further evidence of this: the presence of RT in association with the partially purified virus, and the morphological appearance of virus particles present in the tissues of cattle affected with the disease.
The RT activity was demonstrated using artificial template-primer combinations. The preferential utilization of rAdT over dAdT is common to all RTs described thus far. The preferential utilization of rAdT over rCdG has also been described for many reverse transcriptases. The RT activity of the JDV was in these respects unremarkable. The rapid decline of viral infectivity over 24 h was associated with almost complete loss of RT activity as measured with artificial template-primer constructs. Indeed, successful measurement of RT activity remained elusive until a much shortened purification procedure of less than 14 to 16 h was used which included only 2 h isopycnic banding followed by a 30 min centrifugation period. The concordance between antigen titre (ELISA) and RT activity measured in purified virions was good (see Table 1 ), which provided further evidence for the association of RT activity with the virions. The RT enzyme was able to use both Mg ~+ and Mn 2+ and no clear preference was determined.
The predominant feature of the morphology of cellfree JDV in plasma was the presence of an eccentric nucleoid and a smooth membrane with no visible projections. The high titre of approximately 108 infectious virus particles/ml in plasma of cattle during the acute clinical phase of Jembrana disease suggested that these virus particles in plasma were mature infectious forms. Similar extracellular viruses, and viruses within membrane-bound vacuoles, were also detected in spleen and lymph node tissue of affected cattle but these tissues also contained virus particles with a relatively clear centre and no nucleoid which may have been immature forms of the virus. The presence of C-type budding on the plasma membrane was detected. The morphological features detected suggest that assembly and maturation of JDV occurred by C-type budding through either intracytoplasmic membranes or the plasma membrane, with the formation of immature virus particles with a relatively clear centre which then mature into virus particles with an eccentric nucleoid.
The morphological features of JDV in plasma and in lymphoid tissues were similar to those described in lentiviruses (Cheevers & McGuire, 1988) . Although barshaped nucleoids characteristic of lentiviruses including BIV (Gonda et al., 1987) were not detected, the eccentric nucleoid detected in JDV has been detected in lentiviruses (Palmer et al., 1985) . The eccentric nucleoid in the mature JDV particles has also been detected in the Band D-type retroviruses but immature intracytoplasmic A-type virus particles, which are associated with these groups (Teich, 1984) , were not detected in the tissues of cattle with Jembrana disease.
Antigenic cross-reactivity occurs between the capsid antigens of some lentiviruses (Cheevers & McGuire, 1988) and the antigenic relationship between the 26K capsid protein of BIV and the cognate protein of JDV, detected with both polyclonal anti-BIV and JDV sera and a MAb directed against this protein of JDV, also suggested that JDV is a lentivirus. Although further investigation will be required to confirm the extent of the relationship between JDV and BIV, the similarity of the protein structure of JDV detected by WB and the reported protein structure of BIV (Battles et al., 1992; Gonda, 1992 ) suggested a close relationship.
There was no evidence that JDV was related to the bovine oncovirus BLV: the apparent morphogenesis of JDV in cells did not resemble that of BLV, no antigenic relationship between BLV and JDV was detected by WB, and antibody against BL¥ was not detected in sera from cattle which had been infected with JDV. The characteristics of JDV were distinct from those of bovine syncytial spumavirus (Malmquist et al., 1969) .
Although Jembrana disease has not been reproduced with cloned virus, available evidence has indicated the virus characterized is the cause of Jembrana disease: the virus was detected at a high titre in all clinically affected cattle ; the disease has been consistently reproduced in Bali cattle from areas where the disease does not occur even when high dilutions of tissue from infected cattle were used; all infected cattle have developed antibody against the virus (Hartaningsih et al., 1993a) ; antibody against JDV has been detected only in areas of Indonesia where there was been confirmed clinical and pathological evidence of Jembrana disease (Hartaningsih, 1993 Although the morphological features of JDV and the antigenic relationship between JDV and BIV suggested the virus may be a lentivirus and related to BIV, many of the clinical and pathological features of Jembrana disease in Bali (B. javanicus) cattle differed from those described for BIV infection of B. taurus cattle (Carpenter et al., 1992) and lentivirus infections of other animal species (Narayan & Clements, 1990) . The lesions in Bali cattle with Jembrana disease are dominated by an intense proliferation of lymphoreticular cells in lymphoid organs and have some similarity to lesions induced by lentiviruses in other animal species, but JDV infection of Bali cattle consistently produced an acute clinical disease after a short incubation period, the majority of infected cattle recovered and no recurrence of the disease has been detected in recovered animals. Bali cattle are particularly susceptible to Jembrana disease and infection of B. taurus and B. indicus cattle caused only a subclinical disease ; the similarity of lesions induced by JDV in B. taurus cattle with those reported in BIV-infected B. taurus cattle (Carpenter et al., 1992) has not been determined. The pathology of BIV-infected cattle prior to 5 weeks after infection, when the lesions associated with Jembrana disease were most apparent (Dharma et al., 1991) , has not been reported.
